Cardiomyocytes account for about one third of all cells in the heart, and until recently, fibroblasts were considered the most abundant nonmyocyte cell population in the myocardium [1] . Nonmyocytes such as endothelial cells, fibroblasts, and macrophages form the majority of cardiac cells, and while the exact proportions of individual nonmuscle cells are still a matter of debate [2] , their roles in cardiac structural and functional integration have become one of the hottest cardiac research topics (see reviews [3, 4] ). After a brief summary of general functions of fibroblasts, the current review will focus on new insights into the direct and indirect effects of fibroblasts on cardiac electrophysiology with special reference to atrial fibrillation (AF).
Functions of cardiac fibroblasts
Cardiac fibroblasts are highly heterogeneous mesenchymal cells of diverse origin: During heart development, myocardial fibroblasts develop from epithelial cells of the proepicardium by "epithelial-mesenchymal transition, " whereas valvular fibroblasts derive from the endocardium via "endothelial-mesenchymal transition. " In addition, fibroblasts may be generated from perivascular cells, endothelium, monocytes, bone marrowderived progenitor cells and fibrocytes [5] .
In the past few decades, the unquestioned role of fibroblasts in the structural integrity of the heart has been A. Klesen and D. Jakob contributed equally to this work.
supplemented by multiple detailed functions of these cells, including production and degradation of extracellular matrix (ECM) proteins such as collagens and proteoglycans by a fine balance of metalloproteinases (MMP) and tissue inhibitors of MMP. Fibroblasts secrete inflammatory cytokines and humoral mediators. Upon activation, they differentiate into myofibroblasts. In addition, they may modulate cardiac electrophysiology (for reviews, see [6, 7] ). Excessive fibroblast activation can cause fibrosis, which is defined as the accumulation of ECM, especially type I collagen [8] .
Distinction between fibroblasts and myofibroblasts
Unlike the stellate appearance of fibroblasts in other organs, cardiac fibroblasts are mostly sheet-or spindle-shaped. Their morphology in culture is highly variable (. Fig. 1a ) and hard to distinguish from other cultured cells, such as bone marrow-derived progenitor cells or fibroblasts from skin (. Fig. 1b-d [9] . However, more recently identified markers such as tcf21(transcription factor 21) and periostin show great promise [3] .
Upon mechanical or chemical stimulation, fibroblasts become activated, i. e., they proliferate, migrate, produce ECM [10, 11] , and differentiate into cells that express contractile filaments consisting of α-smooth muscle actin (α-SMA). Because of their ability to actively deform, they are called "myofibroblasts" [12] . In the heart, they can be characterized by positive staining for vimentin and α-SMA (e. g., [13] ), although a subset of smooth muscle cells may also express vimentin in addition to α-SMA [5] . Myofibroblasts also exhibit high heterogeneity in phenotype [14] .
Myofibroblasts play a pivotal role in wound healing and tissue remodeling after myocardial injury because they can replace damaged cells with fibrillar collagen, strengthening remodeled tissue [15, 16] . Interestingly, differentiation of fibroblasts into myofibroblasts also seems to play a role in the pathophysiology of AF [17] . There is evidence from tachy-paced cardiomyocytes that high rates of electrical activation induce cardiomyocytes to secret factors into the culture medium that transmit activation of fibroblasts [18] .
In clinical terms, AF is associated with interstitial fibrosis [19, 20] , which in turn correlates with structural remodeling and plays a role in sustenance of the arrhythmia [17] . Although fibroblasts and myofibroblasts are not electrically excitable, they may affect the electrophysiological properties of cardiomyocytes either indirectly or directly. These issues will be discussed in the following sections. 
Indirect effects of fibroblasts on cardiac electrophysiological properties
Electrical excitation spreads between cardiomyocytes due to direct coupling of neighboring cells via gap junctions consisting of connexins. These are mainly located at the short ends of cardiomyocytes. Therefore, the conduction velocity in healthy myocardium is higher in the locally prevailing cell direction than perpendicular to the cell orientation. The longitudinal direction is also favored owing to insulation of myocyte layers by ECM.
Heart disease is often associated with increased collagen deposition (fibrosis). Distinct although often mixed distribution patterns of collagen in the myocardium allow one to define different types of fibrosis, i. e., interstitial, compact, diffuse, or patchy fibrosis [21] , with characteristic effects on impulse propagation. In human dilated cardiomyopathy requiring heart transplantation, for example, the percentage of collagen in a selected area of the left ventricle correlated with the heterogeneity of conduction. Patients with mildto-moderate disturbances of activation patterns showed increasing degrees of interstitial fibrosis, whereas patients with severe conductance disturbances exhibited replacement fibrosis and microscars [22] . Interestingly, induction of heart failure by ventricular tachy-pacing in dogs caused interstitial fibrosis also in the atria, facilitating the induction of AF due to the formation of discrete atrial regions with slow conduction [23] . Recently, an expert consensus report suggested that human atrial pathologies can be divided into four classes of "atrial cardiomyopathies", two of which are dependent on fibroblasts or cardiomyocyte-fibroblast interactions [24] .
Direct coupling of cardiomyocytes and fibroblasts
So far, we have discussed indirect interactions between fibroblasts and cardiomyocytes due to ECM, but there is also compelling evidence that the two cell types can directly couple to each other via connexin-based gap junctions (for a recent review, see [25] ).
In fact, electrical coupling between fibroblasts/myofibroblasts and ventricular cardiomyocytes has been demonstrated not only in co-culture conditions [26] [27] [28] , but also in the whole heart [29] . Heterotypic cell connections were also demonstrated in atria [30, 31] and atrioventricular nodes [32] , where the first proof of an electrophysiological effect of nonmyocytes (in this case, resident macrophages) on cardiac electrical conduction was directly confirmed in native tissue [33] .
The schematic drawings in . Fig. 2 illustrate the consequences of heterocellular coupling via gap junctions for membrane potential and impulse propagation. Electrical coupling of two cardiomyocytes with similar resting potentials will be without consequence for either cell in resting conditions (. Fig. 2a) . Since the resting potential in fibroblasts is less negative than in cardiomyocytes, heterocellular coupling will influence the membrane potentials of the two cell types in opposite directions, i. e., the membrane potential of the fibroblast becomes more negative whereas that of the cardiomyocyte will be slightly less negative (. Fig. 2b ). In addition, effects of heterocellular electrotonic coupling are thought to be dependent on the cardiac contractile cycle [34] . With respect to the electrical cycle, an action potential in the first cardiomyocyte will induce an electrotonically mediated potential change in the fibroblast. This, in turn, may cause sufficient depolarization of the next cardiomyocyte to reach the threshold potential, leading to passive propagation of an action potential through a nonexcitable cell, although with some delay (. Fig. 2c) . The respective experimental recordings of membrane potentials in cardiomyocytes and fibroblasts have been documented [26] . However, if more than one fibroblast is interposed between the cardiomyocytes, the depolarization of the distant cardiomyocyte may not be sufficiently large to reach threshold and impulse propagation will fail (. Fig. 2d) . In cell culture experiments with neonatal rat cells, conduction fails if the bridging distance is larger thañ 300 μm [27] . Several groups are working with computer simulations of these results in order to understand better the complex electrical interactions between cardiomyocytes and fibroblasts [35] [36] [37] [38] .
Cardiomyocyte-fibroblast interactions become clinically relevant in the context of catheter ablation, which is currently the most effective way to stop or attenuate re-entries underlying AF. The scars generated in response to these interventions are essentially made of ECM proteins and fibroblasts leading to a nonconductive barrier. To overcome sustained AF, it is crucial that these regions are and remain nonconductive. Nevertheless, the high rate of reoccurrence of AF after catheter ablation [39, 40] suggests that scars may fail to block re-entries. This is at least in part caused by the resumption of electrical conductance due to heterocellular coupling in the scar tissue. Another clinically relevant aspect of cardiomyocyte-fibroblast interactions is the formation of scar tissue in response to myocardial infarction. Fibroblasts may electrically bridge gaps between surviving cardiomyocytes, thereby increasing the conductivity of the lesions and improving cardiac func- 
Electrophysiological properties of fibroblasts
Cardiac fibroblasts are not electrically excitable. Nevertheless, they express a plethora of ion channels, mainly potassium (K + ) channels and mechanosensitive channels, that contribute to their resting membrane potential [41, 42] . Typical membrane potential values re- [61] ): no change. b Coupling of cardiomyocyte to fibroblast (resting potential of human atrial fibroblasts, -35.1 ±4.2 mV, n = 31 from seven patients in sinus rhythm; [13] ): depolarization of cardiomyocyte, hyperpolarization of fibroblast. c Intercalation of a single coupled fibroblast:conduction delay (see also [26] ). d Intercalation of several coupled fibroblasts:failure of conduction (e. g., when bridging distances of >300 μm in culture, [27]) ported for cultured human atrial fibroblasts/myofibroblasts are~-35 mV [13] . It must be emphasized, however, that data on fibroblast membrane potential and ion channels in the literature show substantial variability depending on the experimental conditions and material (different species, ventricular versus atrial fibroblasts, freshly isolated versus cultured cells). Thus, in vitro [43] and in situ [25] recordings in rat suggest the presence of even less negative resting potentials (up to -20 mV).
In rat ventricular fibroblasts, the resting membrane potential is determined by an inwardly rectifying K + current [41] . Li etal. [44] published a relative distribution of ion channel expression and respective currents in cultured adult human ventricular fibroblasts. In this study, 88% of fibroblasts exhibited current flow via Ca 2+ -activated K + channels of large conductance (BKCa); 15% had a delayed rectifier current (IKDR), 14% a transient outward current (Ito), 24% an inward rectifying K + current (IKir), 7% a chloride current (ICl), and 61% a Na + current (INa). The respective cardiac ion channels responsible for these currents were also expressed [44] . In mouse ventricular fibroblasts, IK,ATP was detected [45] , but no reports for human fibroblasts are available. Similarly, human atrial fibroblasts also showed inward and outward rectifying and transient outward currents (. Fig. 3a, b , and [13] ), although the percentage of cells exhibiting these currents was not reported [13] . These authors did not detect any effect of the BKCa channel blocker paxilline (1 μM), whereas BKCa channel activity was clearly present in a line of ventricular fibroblasts obtained from healthy human hearts [46] . Moreover, BKCa channels are claimed to contribute to cardiomyocytes-fibroblast coupling [46] .
Chatelier et al. [47] reported that freshly isolated human atrial fibroblasts neither express α-SMA nor exhibit any sodium (Na + ) currents. However, between day 7 and day 12 of culture, atrial fibroblasts start to differentiate into α-SMA-expressing myofibroblasts. In addition, after day 12, Na + current and expression of the Na + channel α-subunit Nav1.5 were detected in all cells. We have previously reported larger Na + currents in fibroblasts cultured from patients in AF compared with sinus rhythm. These currents were not affected by 100 nM tetrodotoxin, but required the high concentration of 10 μM tetrodotoxin for 90% block, suggesting that they represent cardiac Nav1.5 channels [13] .
In freshly dissociated adult rat ventricular fibroblasts, mechanosensitive channels, i. e., a cation nonselective, gadolinium-sensitive channel that was enhanced by compression and inhibited by stretch, have been described [42] . In our own preliminary experiments with human atrial fibroblasts from patients in sinus rhythm or AF, we too detected stretch-activated channels by applying negative pressure to cell-attached patches (. Fig. 3c ). On the other hand, shear stress induced large outward currents in rat atrial myocytes by enhancing insertion of Kv1.5 channels [48] .
Involvement of fibroblast ion channels in nonelectrophysiological effects
Functionally significant ion fluxes in nonexcitable cells were noticed decades ago. However, the role of ion channels in non-electrophysiological events, such as immunological responses or proliferation and migration of cancer cells, was appreciated only in the 1980s, when patch clamp techniques became generally available (for a review, see [49] ). Interestingly, mechanosensitive channels are also involved in many forms of cancer (see review in this issue [50] ). Besides controlling membrane potential, ion channels in concert with pumps and transporters regulate cellular calcium homeostasis, thereby affecting cell metabolism via this ubiquitous intracellular transmitter. The link between ion channels, intracellular calcium levels, and control of proliferation and migration has led to the strategy of targeting various ion channels for cancer therapy [51] [52] [53] . Moreover, voltage-gated Na + channels are upregulated by positive feedback in many types of cancer and are thought to facilitate metastatic processes [54] .
The findings in cancer research have stimulated investigations into the role of ion channels in proliferation and migration of fibroblasts in search for putative therapeutic strategies against fibrosis. For instance, selective block of KCa3.1 channels (Ca 2+ -activated K + channel of intermediate conductance) with TRAM-34 (1-((2-chlorophenyl)diphenylmethyl)-1H-pyrazole) attenuated human lung myofibroblast proliferation and was hence suggested to have therapeutic potential in idiopathic pulmonary fibrosis [55] . Interestingly, ether-á-go-go K + channels regulate fibroblast proliferation independent of ion fluxes, as demonstrated with nonconducting channel mutants that act merely by channel conformation changes [56] .
With respect to cardiac fibroblasts, members of the transient receptor potential (TRP) channel family have been reported to regulate Ca 2+ influx and downstream signaling. For instance, TRPM7 (Ca 2+ -permeable melastatin type-7 TRP) channels were shown to promote fibroblast-myofibroblast transition fostering remodeling in AF [57] . TRPC3 (Ca 2+ -permeable canonical type-3 TRP) channels are upregulated in AF and have also been associated with atrial remodeling via Ca 2+ -activated proliferation and differentiation of fibroblasts [58] . High concentrations of tetrodotoxin, a selective blocker of Na + channels, do not impair proliferation of cultured human atrial fibroblasts neither from patients in AF nor those in sinus rhythm [13] , and similar results were also found for human ventricular fibroblasts [59] . In addition, proliferation of ventricular cells is also suppressed when BKCa is blocked by paxilline, or when the volume-sensitive chloride current is blocked by DIDS (4,4 ′ -diisothiocyanatostilbene-2,2 ′ -disulfonic acid disodium). Furthermore, knock-down of the respective ion channel genes KCa1.1 or ClCN3 (chloride voltage-gated channel 3) markedly reduces cell growth [59] , indicating that these ion channels contribute to the regulation of proliferation, possibly by modulating membrane potential and cell volume [59] . Therefore, targeted block of fibroblast ion channels could have therapeutic potential for prevention or amelioration of fibrosis in heart and lung tissues.
Conclusion
Many open questions remain to be answered regarding the role of fibroblasts and myofibroblasts in atrial pathophysiology. New techniques that allow for the reliable identification of the functional state of an individual cell are needed in order to elucidate putative associations between ion channels and function in more detail. The inherent heterogeneity of cell populations should be characterized by measuring single cell expression patterns of ion channels and other functional proteins. These efforts are a prerequisite for defining promising targets that may refine interventions aiming at efficient disease prevention and control.
